Human rhinoviruses (HRVs), members of the family picornaviridae that represent 4 a major cause of the common cold, essentially utilize two different receptor types 5 for host cell attachment. The 12 minor group HRVs, exemplified by HRV2, bind 6 low-density lipoprotein receptor (LDLR), LDLR related protein (LRP) (20), and 7 very-LDLR (VLDLR) (29) and are internalized via the well characterized clathrin-8 dependent endocytic pathway (44); however, similar to other ligands, they can 9 switch to different entry portals when the clathrin-dependent pathway is blocked 10 (4). Having once arrived in endosomal carrier vesicles or late endosomes, 11 uncoating (i.e. the release of the viral RNA genome) is triggered by the acidic pH 12 (35, 39). 13
The 87 major group HRVs, exemplified by HRV14, bind intercellular 14 adhesion molecule-1 (ICAM-1). Following entry, uncoating is triggered by ICAM-1 15 itself (3) but the low endosomal pH facilitates this process (37) . Based on 16 inhibition of infection by the dominant negative (DN) dynamin 2 mutant dyn K44A , it 17 was proposed that HRV14 also follows a clathrin-dependent pathway in HeLa-H1 18 cells (9). However, ICAM-1 lacks a clathrin localization signal and even functions 19 as viral receptor when its cytoplasmic tail is replaced with a GPI-anchor (45) . 20 Furthermore, dynamin has been shown to be also involved in pathways other 21 than clathrin-mediated endocytosis (CME) such as caveolae-and lipid raft-22 dependent entry as a function of ligand and cell type (reviewed in (30, 34) ). 23
Additionally, dynamin might play a role in formation and closure of circular 24 pinocytic ruffles (31). More recently, a specific entry pathway for ICAM-1 ligands 25 into human umbilical vein endothelial cells was identified and termed 'cam-26 mediated endocytosis'; uptake was found to be triggered upon binding of 27 multivalent ligands, such as immunoconjugates and immunobeads, and to occur 28 independently from clathrin and caveolin. Inhibition by amiloride, by actin-29 depolymerization, and protein kinase-C inhibitors pointed to macropinocytosis 30 (33). So far, it is not known whether these findings are relevant to the entry 31 pathway of HRVs via ICAM-1 as the uptake kinetics was significantly dependent 32 on particle size. For all these reasons, involvement of clathrin in HRV14 uptake is 33 on October 20, 2017 by guest http://jvi.asm.org/
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Texas red, Alexa Fluor 488, or Alexa Fluor 591 were from Jackson Antibodies 23 and Molecular Probes, respectively. Alexa Fluor 568 transferrin, Alexa Fluor 488 24 cholera toxin-B, and lysine-fixable FITC-dextran (70 kD) were purchased from 25 Molecular Probes. The following drugs were purchased from Sigma if not stated 26 otherwise; chlorpromazine dissolved in PBS was used at 5 µg/ml, Filipin 27 dissolved in methanol was used at 10 µg/ml, MßCD dissolved in PBS was used 28 at 5 mM concentration. Amiloride, cytochalasin D, and dynasore were dissolved 29 in DMSO and used at final concentrations of 5 mM, 10 µg/ml, and 80 µM, microscopy. The second set was harvested in 50 µl sample buffer at 3 h p.i. for 6 assessment of eIF4GI cleavage via Western blotting. Drugs were present 7 throughout the incubation. 8 9 Western blot analysis. Proteins from whole cell lysates from each drug 10 treatment were separated on a SDS-6% polyacrylamide gel and electro-11 transferred onto a PVDF membrane. The membrane was blocked with 5% milk 12 powder in PBS/T (PBS containing 0.1% Tween 20), incubated with rabbit anti-13 eIF4GI (1:8,000) kindly donated by R. Rhoads, Louisiana State University, USA, 14 followed by HRP-labeled anti-rabbit antibody (1:20,000; Jackson Laboratories) 15 and eIF4GI and its cleavage products were visualized by using the ECL 16 chemiluminescence detection system (Thermoscientific). Cleavage of eIF4GI 17 was quantified with ImageJ (http://rsbweb.nih.gov/ij/) by using scans of the X-ray 18
films. 19 20
Uptake of FITC-dextran. RD-ICAM cells were grown in 24 well plates up 21 to 90% confluence, incubated with serum-free medium for 4 h at 37 o C. Lysine-22 fixable FITC-dextran at 1 mg/ml was added in the presence or absence of 5 23 µg/ml purified HRV14 and 100 ng/ml EGF, respectively, and incubated for 10 24 min. Cells were washed with cold PBS, detached with trypsin at 4 o C, collected 25 and resuspended in PBS containing 7% FCS. In each experiment, the mean 26 fluorescence of 10,000 cells was determined in a BD FACS Calibur. 27 28 Confocal fluorescence microscopy. Cells were grown on glass cover 29 slips until 40-50% confluent. After washing with serum-free medium, cells were 30 challenged with HRV2 or HRV14 at 300 TCID 50 /cell as specified. Unbound virus 31 was removed by three washings with PBS ++ (PBS with 1 mM MgCl 2 and 1 mM 32 on October 20, 2017 by guest http://jvi.asm.org/
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CaCl 2 ). Cells were fixed in 4% paraformaldehyde, and permeabilized in 0.2% 1 Triton X-100 for 5 min. After quenching with 50 mM NH 4 Cl for 10 min, unspecific 2 binding sites were blocked in 1% goat serum for either 1 h at room temperature 3 or overnight at 4°C. Cells were incubated for 1 h at room temperature with 4 primary antibody (1:500), washed 3 times with PBS ++ , followed by secondary 5 antibody (1:400), all diluted in 1% goat serum. Nuclei were stained with 0.1 µg/ml 6 DAPI. For assessment of colocalization, cells were infected in the presence of 10 7 µg/ml Alexa Fluor 568 transferrin, 1 µg/ml Alexa Fluor 488 CtxB, and 500 µg/ml 8 lysine-fixable fluorescein-dextran (70 kD), respectively. After the times specified, 9 unbound material was removed and cells were fixed. For better distinction of 10 internal and external virus, differential staining before and after permeabilization 11 of the cells was carried out with antibodies conjugated to different dyes. Cover 12 slips were mounted in Moviol and viewed in a LSM510 Meta Carl Zeiss confocal 13 microscope. Stacks were spaced by 0.5 µm. Contrast of the images was 14 adjusted using the LSM-image browser and figures were labelled with Adobe 15 Photoshop CS3 software. antibody was used to verify expression. Viral entry and replication were 2 monitored after 30 min and 7 h, by using HRV14 at 300 and 5 TCID 50 /cell, 3
respectively. 4 5
Electron microscopy. RD-ICAM cells were seeded on Aclar cover-slips 6 in 24 well plates and grown to almost 100% confluency. Cells were washed and 7 infected with HRV2 or HRV14 at 10,000 TCID 50 /cell. After incubation at 34°C for 8 the given times, unbound virus was removed and cells were fixed with 2% freshly 9 prepared glutaraldehyde for 1 h at room temperature. Cells were washed 3 times 10 with 0.1 M Sorensen buffer (pH 7.3) and incubated for 1 h in 2% osmium 11 tetroxide in the same buffer. After washing, cells were dehydrated with ascending 12 concentrations of ethanol, 40%-60%-80%-95% and 100% (kept over a molecular 13 sieve). Cells were incubated with Epon/100% EtOH after the temperature shift most of the transferrin was internalized and 31 accumulated in early endosomes and in the perinuclear region, while HRV14 32 largely remained at the cell periphery. At 15 min virtually all transferrin had 1 accumulated in the perinuclear region whereas HRV14 was evenly distributed 2 throughout the cell body with a substantial fraction remaining at or close to the 3 cell surface. The uptake kinetics of HRV14 is slow (26) and we consistently 4 observed this plasma membrane accumulation even in HeLa cells that express 5 less ICAM-1 than RD-ICAM cells. Nevertheless, HRV14 was unequivocally 6 internalized as also seen by differential staining prior and after permeabilization 7
(not shown). These data clearly demonstrate that transferrin and HRV14 localize 8 to distinct plasma membrane subdomains and enter with different kinetics 9 making clathrin-mediated endocytosis for HRV14 highly unlikely. On the other 10 hand HRV2, used as a control, completely overlapped with transferrin at the 11 plasma membrane and in early endosomes ( (44) and data not shown), although 12 their intracellular pathways separate thereafter (6). were transfected with myc-tagged amphi-SH3 followed by infection with HRV14. 30
Confocal microscopy revealed no difference in entry in the presence or absence 31 of the expression of amphi-SH3 ( Fig. 2A , upper panels). Amphi-SH3 was shown 32 to prevent self assembly of dynamin rings, which impedes constriction of clathrin-1 coated pits but does not affect clathrin assembly by itself (38). Therefore, to 2 rather more directly assess clathrin function, we also used the C-terminal domain 3 of AP180 (AP180-C), which affects clathrin-mediated endocytosis without 4 interfering with dynamin function (11). Again, overexpression of DN AP180-C 5 failed to modify entry of HRV14 ( Fig. 2A , lower panels); in contrast, transferrin 6 uptake was prevented by both DN inhibitors. In order to exclude the improbable 7 possibility that the virus observed followed an abortive pathway, we also 8 monitored viral replication after infection at much lower MOI (5 TCID 50 /cell). As 9 shown in Fig. 2B , cells strongly overexpressing the DN protein mutants replicated 10 HRV14 to a degree indistinguishable from untransfected cells. This not only 11 proves that the clathrin-dependent endocytosis machinery is dispensable for 12 HRV14 entry but also excludes any effect of the DN mutants on productive viral 13 entry and replication. Entry via ICAM-1 is flotilin-1 independent. Flotilin-1 and -2 have been 3 described as markers of a clathrin and caveolin-independent pathway (14). 4
Having excluded entry of HRV14 via clathrin and caveolin-dependent routes, it 5 was therefore of interest to investigate whether flotilin-1 was involved. Again, by 6 using fluorescence microscopy, no colocalization of flotillin-1 and HRV14 was 7 seen (Fig. 4) . Therefore, it is very unlikely that this virus follows a flotillin-1 8 dependent route when accessing the cell via ICAM-1. 9 10 Effect of pharmacologic inhibitors on entry of HRV2 and HRV14. 11
Because of the overexpression of ICAM-1 in RD-ICAM cells, large amounts of 12 virus are being taken up by the cell. However, only a fraction might undergo 13 productive uncoating. Therefore, using a functional assay (via measuring 14 translation of the uncoated viral RNA) we studied the effect of various drugs that 15 have been frequently employed to specifically inhibit selected endocytic 16 pathways. In order to avoid exposure of the cells to the chemicals for extended 17 times, as is required to detect virus production, we made use of cleavage of the 18 translation initiation factor eIF4GI as a reporter assay. Upon uncoating, the viral 19 RNA is released into the cytoplasm and translated into a polyprotein; 20 autocatalytic processing sets free the viral proteinase 2A that efficiently cleaves 21 eIF4GI into fragments detectable even at 3 h post infection. RD-ICAM cells were 22 pre-incubated with the respective drugs for 30 min, challenged with HRV14 and 23 HRV2, as indicated in Fig. 5A , and collected after 3 h. As previously described 24 for poliovirus (21), processing of eIF4GI was assessed via Western blot analysis. 25
The extent of cleavage was quantified from three gels obtained from three 26 independent experiments (Fig. 5B) . 27
Chlorpromazine causes the loss of coated pits from the plasma membrane 28 Although the mechanism of action of amiloride on macropinocytosis is still 13 unclear, it has been employed at mM concentrations to study entry of various 14 viruses and other ligands (32, 41, 48) ; cytochalasin, on the other hand, inhibits 15 membrane ruffling and actin re-organization, which are required for plasma cleavage. Similar to amiloride, cytochalasin led to accumulation of HRV14 at the 27 plasma membrane (Fig. 5C ) whereas it apparently affected uptake of HRV2 only 28 marginally (Fig. 5D ). Note that plasma membrane staining of HRV2 was virtually 29 absent because of the low steady state concentration of the receptors on the 30 membrane. Despite HRV14 entry in the presence of cytochalasin being below 31 the detection limit of immunofluorescence microscopy, the cleavage assay 32 demonstrated that enough virus entered the cells to exert a notable effect. 1 Therefore, this functional assay is clearly more sensitive. 2 Finally, dynasore, an inhibitor of the GTPase activity of dynamin (28) features and clathrin-coated pits, caveolae, and macropinocytic membrane 8 invaginations are distinguishable by electron microscopy. In addition, structures 9 morphologically different from the three mentioned above have also been 10 recently implicated in other uptake mechanisms (27). We thus studied the early 11 events of HRV14 entry by electron microscopy. RD-ICAM cells were challenged 12 with HRV14 for the times indicated in Fig. 7 and thin sections were prepared. As have been previously detected but some coated structures were also seen (15) . 3 Therefore, although highly unlikely, clathrin-dependent endocytosis of HRV14 in 4
HeLa cells cannot be excluded with absolute certainty. Unfortunately, the 5 cleavage assay could not be employed with HeLa cells because proteolysis of 6 eIF4GI, even at 4 h p.i., was only about 10% under experimental control 7 conditions otherwise identical to those used for RD-ICAM cells. Therefore, partial 8 inhibition could not be evaluated. Nevertheless, cleavage of eIF4GI in the 9 presence of chlorpromazine was identical to the control in the absence of the 10 drug. This is again evidence for clathrin not playing any role in HRV14 uptake 11 into HeLa cells. pathways not only lacked overlap with the virus but also exhibited significant 5 differences from viral entry with respect to uptake kinetics. Antibodies and 6 nanobeads binding ICAM-1 exhibit similar properties with slow entry into 7 endothelial cells in a clathrin-and caveolin-independent manner (33). As viruses 8 are intrinsically multivalent, they obviously behave similarly. 9
Involvement of clathrin in HRV14 uptake was ruled out using dominant 10 negative inhibitors; both amphi-SH3 and AP180-C failed to modify HRV14 entry 11 and replication. Entry via the caveolin-dependent pathway is also unlikely 12 because of lack of inhibition by filipin and MßCD. Furthermore, despite much 13 lower expression of caveolin in RD-ICAM cells, when compared to HeLa-H1 14
cells, the efficiency of infection and virus replication was even better (not shown). 15
Although CtxB showed some colocalization with HRV14 at the plasma 16 membrane, they quickly separated and moved to different compartments in the 17
cell. 18
These immunofluorescence results were further supported by using 19 pharmacological inhibitors. In order to minimize pleiotropic effects, as are 20 common for drugs blocking endocytosis pathways, we used cleavage of eIF4GI 21 at 3 h p.i. as readout for successful entry and translation of the viral RNA in the 22 cytoplasm. Viral replication is not required for this process because translation of 23 the incoming RNA produces the proteinase 2A in sufficient amounts for cleavage 24 of this cellular substrate (13). Thereby, possible effects of the drugs on later 25 steps, such as RNA synthesis and/or virus release (12, 18) can be excluded. 26
Furthermore, there is no need to maintain the cells in the presence of the drug for 27 extended times, thus avoiding interference with cytotoxic effects. Out of all the 28 drugs used, only amiloride completely blocked cleavage of eIF4GI, whereas 29 cytochalasin D and dynasore inhibited by about 40%. Abolition of HRV14 entry 30 by amiloride and reduction by cytochalasin suggests involvement of 31 macropinocytosis in uptake via ICAM-1. This is supported by 32 immunofluorescence microscopy demonstrating HRV14 at or close to the 1 membrane in the presence of either drug. Entry with characteristics of 2 macropinocytosis was also corroborated by the colocalization of HRV14 with 3 FITC-dextran, which is considered a relatively specific marker for this process 4 (31) and by induction of dextran uptake at 10 min after viral challenge. 5
Nevertheless, not all criteria for macropinocytosis are met (31); for example, the 6 vesicles containing virus appear definitely smaller than typical macropinosomes 7 and the inhibition by cytochalasin is only partial. respect to the formation of these tubules. Therefore, it is not clear whether there 5 is any correlation between dynamin-dependence and the appearance of tubular 6 structures. Interestingly, EV1 entering HeLa cells via integrin by 7 macropinocytosis did not exhibit this "pearl on a string" appearance (24). 8
Similar to the absence of reproduction in mouse cells (17) , HRV14 failed 9 to replicate in BHK cells transfected to express human ICAM-1 probably because 10 specific host cell factors were absent (15) . Conversely, RD-ICAM cells became 11 productively infected, were lysed, and gave rise to viral progeny. This suggests 12 that viral entry via these tubular structures is productive. Although infection by 13 HRV14 and by other HRVs less stable at low pH is reduced but not prevented by 14 bafilomycin because of the 'catalytic' activity of ICAM-1, the process is facilitated 15 at low pH (3, 37) . It is therefore likely that HRV14 becomes further transferred inhibitors. The endocytosis-blocking effect of chlorpromazine and dynasore was 25 expected. However, we were surprised to find complete inhibition of eIF4GI 26 cleavage by amiloride. It can be excluded that this drug affects entry because 27 immunofluorescence microscopy clearly showed that virus entered the cells in its 28 presence. For coxsackievirus B3 and for HRV2, inhibition of RNA replication and 29 of virus release, respectively, by amiloride has been suggested (12, 18). Our 30 data rather point to inhibition of RNA release into the cytosol, RNA translation, or 31 even inhibition of polyprotein processing. It will be interesting to find out which 32 one of these is the target of amiloride. We also found only marginal inhibition by 1 5 mM MßCD in the cleavage assay, which contrasts earlier findings indicating 2 reduction of entry and accumulation of virus at the plasma membrane when the 3 drug was present at 10 mM (44). In the absence of additional experimentation, 4 we tentatively explain this by the difference in cell type used (i.e. HeLa-H1 cells 5 in the previous and RD-ICAM cells in the present work) and a strong 6 concentration dependence of drug action. In the case of HRV2, presence of 7 cytochalasin reduced viral entry and led to viral replication in small dots rather 8 than in large areas (not shown). Actin is known to be also involved in CME and 9 inhibition of its normal function might reduce HRV2 entry (8). The underlying 10 mechanisms deserve further studies. 11
12
Entry of the closely related poliovirus into HeLa cells occurs via a 13 caveolin-and dynamin-independent pathway, whereas entry into brain 14 microvascular endothelial cells depends on both components (7) . We have now 15 Colocalization was assessed by confocal fluorescence microscopy as in Fig. 2 ; 27 bar, 10 µm. added at 300 TCID 50 /cell and incubation continued for further 3 h. After removal 8 of the supernatant, the cells were harvested in sample buffer and proteins 9 separated on a SDS-6% polyacrylamide gel. Cleavage of eIF4GI was monitored 10 via Western blotting with a rabbit antiserum followed by HRP-conjugated anti-11 rabbit antibodies and proteins were detected by chemiluminescence recorded on 12 X-ray film. B) Cleavage was quantified from scans of X-ray films from three 13 independent experiments including that shown in A) by using ImageJ software; 14 mean ± SD. Note that the extent of cleavage under control conditions (i.e. 
